Figures
At the request of the NPS, the U.S. Geological Survey (USGS) has processed, analyzed, and interpreted pre-and post-Hurricane-Gustav lidar topographic data for West Ship, East Ship, Horn, and Petit Bois. These data and analyses can be used to better assess the storm vulnerability of portions of GUIS by characterizing the magnitude and spatial variability of hurricane-induced coastal changes, such as shoreline retreat, dune erosion, and beach volume change. This information will provide park managers with a greater understanding of the long-term evolution of these islands, which are frequently impacted by coastal storms. The purpose of this report is to summarize the methods used and observations made during a study of the effects of Hurricane Gustav on the coastal morphology of four island in GUIS. 
Storm Overview
As Hurricane Gustav moved northwest across the Gulf of Mexico, category 3 strength winds 
Data Collection and Analysis
On September Last-return lidar data, both pre-and post-storm, were interpolated to a gridded domain, with 2.5-m resolution in the cross-shore and 10-m resolution in the longshore. The interpolation method allows for definition of a root-mean-square (rms) error at each point, evaluation of data quality, and identification/removal of noise (Plant and others, 2002) . The elevation and error grids were used to measure pre-and post-storm beach morphology, including features such as shoreline position, dune elevation, and beach volume.
The cross-shore position of a vertical-datum-based shoreline was extracted from shore-paralleloriented grids of beach topography (Stockdon and others, 2002) . The vertical shoreline datum was defined as the mean-high-water level from tidal records (Weber and others, 2005) 
Long-term Coastal Change
When examining the role of hurricane landfalls on morphologic change on the Mississippi barrier islands, it is important to consider the rates of historic coastal change Over the past 150 years, the Mississippi barrier islands have been migrating laterally to the west in response to a dominant westerly longshore transport driven by southerly and southeasterly winds (Boone, 1973; Byrnes and others, 1991; Morton, 2008) . The long-term migration rates for the western ends of the islands range from 10 to 50 m/yr, with the fastest rates observed on Petit Bois and Horn Islands (Byrnes and others, 1991) . Shorelines on the western ends of the islands have been accreting Gulfward at a rate of approximately 1 m/yr, while eastern shorelines have been retreating at rates of 2 to 6 m/yr (Byrnes and others, 1991; Miller and others, 2004) . Westward migration of West Ship Island has been limited by the presence of maintained navigation channels. In addition to the lateral shifting of the islands, they have also narrowed on both the Gulf and Mississippi sides in response to shoreline erosion due to longshore and cross-shore sediment transport (Morton, 2008) .
Hurricane-Induced Coastal Change
All four islands experienced extensive changes in shoreline position, dune elevation, and beach volume during Hurricane Gustav. Spatial variability in the coastal response was observed along a single island as well as between islands (figs. 3 -6).
West Ship and East Ship Islands
Shoreline change along West Ship Island was highly variable, ranging from over 50 m of erosion to 50 m of accretion (table 1; The magnitudes of shoreline change were much greater on East Ship Island, where mean shoreline retreat was 122 m (table, 1; fig. 3 ). This is almost two times greater than the amount of erosion experienced during Hurricane Katrina, when the mean shoreline retreat was 67 m (fig. 4) . The extent of shoreline retreat, combined with large losses of beach volume, indicates that waves and currents during Hurricane Gustav have countered island recovery since Katrina, and actually furthered land loss.
On the east and west parts of Ship Island, there was an overall loss of island elevation following hurricane landfall (table 1, fig. 3 ). Mean elevation change at the dune /berm crest on West and East Ship
Islands was -0.75 m and -1.02 m, respectively. This loss in elevation has likely made the islands more vulnerable to continued erosion during future storms and, potentially, smaller wave events. 
Horn Island
Coastal change along Horn Island was highly variable alongshore; the standard deviations of shoreline and beach volume change exceeded the mean values (table 1, fig. 5 ). Intermittent peaks in change, both positive and negative, were, in part, related to the pre-storm morphology ( fig. 2 ). For example, the changes in shoreline position, beach volume, and dune elevation were near zero where dune heights exceeded 3 m ( fig. 2 ; longshore location, y ~ 190 km). The location of maximum shoreline and beach erosion (y = 185 km) corresponds to a local low in dune elevation (less than 2m), which, based on observations of overwash, was likely submerged by surge and waves during the peak of the storm. Additionally, the beach was very narrow (less than 50 m from shoreline to dune crest) on this low section of coast, allowing for more interaction of the waves with the dunes, and resulting in however, the wavelength is two to three times that of the storm scale. The relationship between these long-term and short-term patterns of shoreline change will have consequences for the long-term evolution of coastline shape.
Petit Bois Island
Magnitudes of shoreline and beach volume change on Petit Bois Island were similar to those measured on the adjacent Horn Island (table 1, fig. 6 ). However, there was less spatial variability in the response on Petit Bois Island; standard deviations were much lower than those for Horn Island. No relationship between pre-storm dune elevation and magnitude of coastal change was observed.
Changes to dune/berm elevations were near zero along most of the island (table 1; fig. 6 ).
However, isolated locations of elevation change greater than 0.75 m were observed on the east end of the island, where larger dunes with pre-storm elevations of more than 2.5 m were located only 50 m from the shoreline. The close proximity to the shoreline allowed for wave attack during the storm and subsequent erosion of the dune face. 
Discussion
The landfall of Hurricane Gustav occurred 150 to 200 km west of East Ship, West Ship, Horn, and Petit Bois Islands. However, a local storm surge of 1 to 3 m and nearshore waves with heights in excess of 6 m caused marked coastal change along their Gulf-front coastlines.
Hurricane Gustav, with category 2 strength winds at landfall, contributed nearly as much to the geomorphic evolution of the islands as did Hurricane Katrina (category 3), which made landfall 150 km closer to the Mississippi barriers with higher winds and a lower central pressure (Knabb and others, 2006; Bevin and Kimberlain, 2009 ). Magnitudes of shoreline change during Hurricane Gustav along the islands were generally of the same order as change observed following Hurricane Katrina. Erosion of dunes during Hurricane Katrina appears to have increased the islands' vulnerability to further shoreline retreat, dune height reduction, and volume loss during the less powerful storm conditions associated with Hurricane Gustav.
The coastal response was spatially variable across the region − locations of erosion, accretion, and no change were observed on each island. In some places, pre-storm island morphology, such as dune height and beach width, contributed to patterns in the observed response. An analysis of the local subsurface and offshore geology and of the fluid forcing by waves and surge may provide additional insight into causes for the alongshore variability in storm response.
Consideration of the long-term evolution of the islands may provide a greater understanding of their behavior during Gustav, as well as implications for future responses. The historical rates of coastal change along the Mississippi barriers are higher than along other morphologically comparable island chains along the S.E. Atlantic coast (Morton and others, 2004; Morton and Miller, 2005) . This is due to the long-term migration patterns of the GUIS islands, the lack of a sediment source for natural recovery of sandy beaches, and a relative rise in sea-level. Large waves and surge that accompanied Hurricane Gustav served to reinforce these background trends in coastal change. In areas where shoreline retreat exceed approximately 10 m, the magnitude of hurricane-induced erosion was comparable to what the island might experience over a decade of average wave conditions, given local long-term erosion rates.
In more extreme cases, storm-induced island breaching, such as on East Ship Island, contributed to direct land losses and created channels that allowed erosive waves and currents to impact larger portions of the island (Morton, 2008) . Without time to recover between successive hurricane landfalls, the storm-induced coastal change contributed to, and possibly accelerated, the degradation of these dynamic islands.
